APPLICATION OF VIDEO IMAGES FOR MONITORING COASTAL ZONE
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The video image analysis methods are used for oramit the phenomena at the coastal zone. A digitedo camera
which is mounted in the HORS research building seduto estimate directional wave spectra and battrynin

shallow water areas. The Bayesian Directional Mettlsaised to estimate directional wave spectragusia group of
pixels brightness and non-linear bathymetry inwgrss used to estimate shallow water bathymetmggusime series
of pixel brightness intensity at cross-shore amdjtore array. The results are compared with a ricatenodel and
field measurements. The results indicate that videme data could be used to estimate bathymetihydarctional
wave spectra in shallow water areas.
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INTRODUCTION

Since the first development of the video image wetim 1980 by Coastal Imaging Lab, Oregon
State University, USA, the capabilities of videanme sensing technigques have been developed and
applied into very useful tools for monitoring cadsthanges in the nearshore environment area
(Aarninkhof and Holman 1999). These capabilitidsvalfor studying sandbar morphology (Lippman
and Holman 1997), foreshore beach slope (PlanHahthian 1997), wave run-up (Holland and Holman
1989; Holland et al. 1997), to study wave phaseare number to estimate bathymetry (Stockdon and
Holman 2000; Plant et al. 2007), for estimatiorm@ve directional spectra (Holman and Chickadel
2004), for studying coastal management (Davidsah. &007) and other applications.

The basic idea of the remote sensing from a vidmuera is to take a snapshot image of the
instantaneous wave pattern in a coastal area hgtlagsumption that the image brightness of ea@ pix
in the snapshot images can be considered propattiorthe intensities of the light reflected frohet
water surface. Since these successive snapshogsntiaga are collected at a specific period, tenhpora
changes of the wave field can be studied (Chou 2084).

Although the video image methods have been appliethme coastal areas around the world (e.g.
USA, Netherlands, Australia and etc), the methadsemot been used for practical purposes yet since
the applicability and accuracy of the methods &iklisnited. Therefore, it is importance to gentra
more research with other field measurement dathesmethods can be applied for practical applicatio
in the near future.

The objectives of this paper are to examine thaliebility of video image analysis methods
through the following aims. The first aim is to éép a method for estimating directional wave
spectra from video image data based on the Bayelhiantional wave spectrum estimation method
(BDM), which was originally developed by Hashimao al. (1987) for in-situ measurement using
wave gauges. A major reason for the use of the Bb&thod is that this method is not only accurate
but also robust in estimating directional wave $@esince it satisfies the two requirements, e,
minimization of errors and the smoothness of thergyn distribution with respect to direction.
Meanwhile, the second aim is to examine the wavémunestimation method based on the cross-
spectral correlation for estimating shallow watethymetry proposed by Plant et al. (2007). As
reported by Plant et al. (2007), this method presidobust wavenumber estimates and error
predictions. Also, this method is tolerant to nase other forms of sampling deficiency.

The form of this paper is as follows. A brief revief the mathematical backgrounds used to
describe directional wave spectra and bathymetvgrgion is given in the next section. Next, we
describe the details of study site and the infoionabn wave data. Digital image processing and data
analysis are then given in the following sectiomaly, we analyze our application results and then
summarize some final conclusions of this study.
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BASIC THEORY

Directional wave spectra

Directional wave spectra analysis method usedisdtiudy is the Bayesian Directional Method. In
1987, Hashimoto developed the Bayesian Directidethod (BDM) to estimate the directional wave
spectrum for in-situ measurement using wave gauggsnation of the directional wave spectrum can
be considered as a regression analysis to finchthet suitable model from limited data. Details ba t
formulation of the BDM can be found in Hashimoto at (1987). In the BDM, the directional
spreading function is expressed as a piecewisdamrfsinction over each segment of the directional
range from O to2

SinceG(4,, f) >0, then

ING@,, f)=x(f), k=1,..K) 1

it can be approximated as the following discretelgstant value function

G, )= éexp{xk(f)}lk(@ 2
where

1:k-1A0<8<kAb
0: otherwise

|k(6’)={

If unknown parameter§x} are determined, the@®(f|f) is also determined. However, it

becomes an improper inverse problem, because thearuof unknown parameteis is generally
greater than the number of equations obtained fiteenobservation. Therefore, it is assumed that
G(#| f) is a smooth continuous function with respect ® directional angle and the ser{eg} can

be locally approximated as a linear function widspect tk . That is, the following equation is
considered.

K
El(xk_zxk—1+xk—2)2%0 ; Ko= Xk » X=X 1, 4

The smaller the value of Eq. (4), the smoothefftinetion G(0 | f ) becomes. Therefore, desirable
estimate ofG(¢| f) should maximize the likelihood with respect {®} within the range where
equation (4) does not become too large. Theserieritan be formulated as, using an appropriate
parameten?, to find {x} that minimizes

J K 2 [k
S AP — 3 @ explg )t +U Y 04— 2+ X f S
j=1 k=1 k=1
The value ofu®and the estimate of” can be obtained by minimizing the Akaike’s Bayesian
Information Criterion (ABIC) (Akaike 1980) expreskas follows:

ABIC :—2InJ.L(x,az)p(x|u2,02)dx 6

Therefore, iterations with various® are carried out to obtain the paramefehat minimized the
ABIC. Also, an optimum solution ¢} is obtained and then substituted into Eq. (2) &ldyian

optimum estimation of the directional function.

Non-linear bathymetry inversion model

We applied non-linear inversion model related te tnoss-spectral correlation as proposed by
Plant et al (2007) to estimate wavenumbers. Oreevivenumbers have been estimated, then it can be
used to estimate bathymetry through non-linearrgige of the dispersion equation. The estimation of
wavenumber,k is determined by using non-linear inversion modahted to the cross-spectral
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correlation as proposed by Plant et al. (2007). fioelel for cross-spectral correlation equation is
described by:

M
cMoPR = exp{ Zﬂxﬁlz D, j K.t co§crm’f )} 7
m=1

wheref is wave frequencyix is spacing between pixelB, is design matrix defined on both sample
domain &, x), a (wave direction) an#l (wavenumber) as unknown model parameters.
The sample design matri®, is designed as basis function:

i
Di|j|m = Zalm 8
i'=i
whereg, ,, is smoothing weight of Hanning filter

a(t m) :{1— cos( 0.57{ ]irri,mJ)}2 9

fim =% =Xl L

where L, is smoothing lengths scale. Using observation dfata timestack images, cross-spectral
observation data can be acquired by applying disdfeurier Transform to the observation to compute
the cross-spectral between two pixels. (BendatRiedsol 1986).

coes :<[(&, 01 (x, f)> 10

where the tildes indicate the Fourier Transforng #sterisk indicates complex conjugate, angle
brackets indicate ensemble or band averaging.

When the wavenumber is nonlinearly related to thesszspectral correlation, a non-linear
inversion method Levenberg-Marquardt (LM) (Presslet1992) is used to minimize the weighted
squared difference between successive estimatid afiodel and the observations:

MODEL
ACir,j,f :{yi,j,fci,j,f ) - |(,DJB,?} 11

where, at each iteratian the model-observation mismatch is weighted byothwerved coherencg;.
An iterative procedure starts with an initial vakfe,and new estimate of wavenumber model are

obtained using:

Ki'n =K o +OK] 12

f.m

where the variationk;  calculated from
T — T T 14 T ! T T T
Ak =|[RF] R+271 ] [RT] acr 13

whered” is the damping parametdrjs the identity matrix andR is sensitivity matrix for the cross-
spectral correlation as describe:

RO =y 4 V=10, | nCMoP* ) ax 14

The iterative procedure of sequentially calculafikg ,, and kfnlq from Eg. (3.15) and (3.16) is

continued until the convergence criter’Ah?lm‘ < ¢ is satisfied, where in this model is 18.

The bathymetry inversion model based on timestaekhod computes water depth by relating
wavenumber parametekaising the dispersion equation. Water ddpth related to local wavenumber
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k and frequency through the dispersion relationship in the lineave theory (Dean and Dalrymple
1991)

(2721 )? = gk tanhih ) 15

whereg is gravitational acceleration ahds local water depth.

Given a value fof (sample wave frequencies) and an initial depthihis equation can be solved
iteratively for wavenumber. The Levenberg-Marquardh-linear inverse method (Press et al. 1992)
was used again to minimize error between the wawbeu predicted by the dispersion relationship and
the wavenumber estimated by video images. Detailhe formulation of this method can be found in
Plant et al. (2007).

DATA

This research study investigated video camera watens from Hasaki Beach in Japan. The data
for this research was provided by the Port and dkirfresearch Institute (PARI), Japan. Since 1986,
many coastal studies have been conducted in ttagiém especially around the pier, which is known a
Hasaki Oceanographical Research Station (HORSE bElach itself is located 120 km east of Tokyo,
facing the North Pacific Ocean as shown in Fig. 1.

In Hasaki Beach, bathymetric survey measurements weriodically conducted once or twice a
year near HORS pier within an area about 600 m widbe alongshore direction and 700 m long in
the cross-shore direction. The map of a bathymiryey conducted in August 2006 is shown in Fig.
2. The HORS pier is located xat= 0 m where in-situ wave pressure gauges weraliedt The HORS
pier has deck dimensions of about 427 m long win3 width.

The actual surface fluctuations at the Hasaki wiéee recorded using several ultrasonic wave
gauges. The ultrasonic wave gauges were installdddepier with positiox = 370 m,x = 230 m, and
x = 145 m from the shoreline. Water surface flutiturss were recorded for 60-minute segments, each
of which contained approximately 7200 data poinis sampling rate of 2 Hz.

Meanwhile, image data was collected by using alsicgmera installed at HORS pier in 2006.
This digital video camera had a resolution of 64@20 pixels and was used to acquire snapshot
images. The video camera was mounted 10 m abovegrthend level. The video image data was
recorded for 15-minute durations at every 1-hoteriral with a frequency sampling interval of 1 Hz.

In 2006, the yearly average significant wave heightvas found to be about 1.06 m with a
corresponding wave pericdof 8.4 s, based on the Nationwide Ocean Wave rimdition network for
Port and HArborS (NOWPHAS) station at Kashima PDdring normal conditions, waves approach
the coast most often from the east and southegsttidins. However, the largest storm waves, Wwith
greater than 2-5 m, are incident from the northvdéstction. The average of the tidal range is about
1.60 m.

Kashima Coast
\ HORS
s Tokyo  Hasaki <
Yokohama O Chg/shl" !
Camera location e i ;
Yokosuka -

i 0 50km

7 I T—

120 130 140 150

Figure 1. Map of the Hasaki site
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Figure 2. An aerial photo of the HORS site shows the camera view angle indicated by the triangle area (top).
Bathymetry survey data measured at the HORS in August 2006 (bottom).

IMAGE ANALYSIS

First, rectification of the image must be carriatt 0 order to extract quantitative data from a
sequence of snapshot images. Figure 3 shows exah@eapshot image time series. Rectification
involves photogrammetric transformations, which &b image coordinatesu,¢/) into real world
coordinates X)y,2). This transformation was based on the standaadoghaphic method as proposed
and described by Holland et al (1997).

From the rectified images sequence as shown indkitime series of pixel brightness intensity at
specific points where the wave gauge is locatedttvan be formed. Fig. 5 shows the examples of time
series atx = 230 m (outside breaking area) from the wave gaangd pixel brightness on the video
images sequence, which correspond to the nearedido of the wave gauge.

The time series of pixel brightness on video imagesy have introduced a source of error
corresponding to the pixel resolution resultingnirdhe rectification procedure. This is because the
actual area occupied by a pixel in the image widréase with increasing distance from the camera.
Figure 6 shows scale distortion resulting from etified image. Accuracy of rectification analysis
depends on camera distance and position. Theref@r&oastal video system must be mounted as high
as possible in such a way that view angles arespéipular to the water surface.
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Figure 4. Rectified image time series
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Figure 5. Comparison of time series of wave profiles from a wave gauge with sampling frequency of 0.5 Hz
and video images with sampling frequency of 1.0 Hz
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Figure 6. Scale distortion resulting from rectified images

RESULTS

Directional Wave Spectra

Video images recorded on 18 August 2006 were usetthis study. On this day, the observed
significant wave height based on the NOWPHAS daabeas below 1.0 m, and the waves approached
from the NE direction. Time series of pixel brighés on video images data was used to determine
wave direction through directional wave spectra.this study, the pixels could be considered
equivalent to fixed instruments, such as a wave@sensor, through use of the rectification pracess

First, comparison of wave spectra between timeesef pixel brightness on video images and in-
situ measurement located at x = 230 m is showngn7 In order to make them comparable, we have
used their respective peak spectral densitiesdonalization, since the energies of the wave spedftr
the pixel values and wave profile measurements werasured in different scales. It can be seen that
the normalized spectra are similar in shape. Tdadi shows a narrow band spectrum with major sharp
peak at frequency 0.117 Hz, which corresponds pieak period of 8.5 seconds. This peak frequency
corresponds with the peak period from the offshoreasurementT(= 8.2 seconds). Meanwhile,
multiple weaker peaks appear at higher frequerfcaa 0.2 Hz to 0.4 Hz. These multiple weaker
peaks are present due to a nonlinear wave compombith is a typical characteristic of shallow wate
spectra. Below 0.05 Hz and above 0.4 Hz, the wioise decreases due to band-pass filter with a high
pass filter and a low pass filter.
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Figure 7. Comparison of wave spectrum from video images and a wave gauge recorded on 18 August 2006 at
09.00 h

Next, we use polygon array design from brightnessnisity of pixel data to estimate directional
wave spectra at a distance of 230-240 m from sinereHigh-resolution estimation of wave directional
spectra require proper layout of pixels in an aagthe location of interest to minimize some estior
the cross-power spectra analysis. The importancefconfiguration of the array to determine the
directional spectra is also reported by Young (398/ong others, who investigated the performance
of wave measuring systems. Details on optimizimgyalayouts design can be seen in Goda (1975).

In this work, the distance between pixels from dpécal instruments was set B4 = 0.2, where
L is the wavelength of the examined component wate. dimensiorD was set to typical expected
wavelength based on peak frequency and water deptinear wave theory. For the Hasaki sidewas
designed for wave period whefe = 8 seconds in water depth of 2 m. The wavelengds
approximately 30-35 meters. With the distance betwmgixels D) as 5 m, these waves could be well
resolved. The estimated directional wave speciashown in Fig. 8. Figure 8 shows the directional
wave spectra estimated by the BDM (Bayesian Dieeli Method) and the EMLM (Extended
Maximum Likelihood Method) (Isobe et al. 1984) tmmparison.
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Figure 8. Directional wave spectra estimated from video images in shallow water areas.
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The above figure shows that both directional wapecta have clear peaks. Directional wave
spectra computed by the BDM has a narrow directifumation with a higher energy peak compared to
the EMLM. Also, energy leakage is present on thedtional spreading estimated by the EMLM. It is
clearly shown that the accuracy of the estimatedctibnal spectra was improved by using the BDM
method. For mean direction estimation, Fig. 8 iaths that both methods estimate similar mean
direction about 86 degrees from the shoreline, wiidicates the wave approaches perpendicularly to
the shoreline.

Due to the lack of near-shore wave measurementidasaallow water waves, in this study, a
numerical model of SWAN was selected to verify tesults of directional wave spectrum from video
images in shallow water. This is because it is irtgou to verify the results of directional wave cfpe
from video images using whatever data are availabée/en with different formulations such as using
numerical model.

Figure 9 shows directional wave spectra generatad SWAN model at a cross-shore location
230-240 m from shoreline. For comparison with dimwl wave spectra, the results show that there is
a good agreement between directional wave spettshallow water estimated by the SWAN and
video image data. Both methods indicate that thergsndistribution of directional spectrum is
significantly concentrated in frequency and dirctiwhich is typical of swell waves as indicated in
Fig. 9 and Fig. 10 below.
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Figure 9. Directional wave spectra calculated by the SWAN model.
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Figure 10. Normalized frequency spectrum and directional spreading estimated using the SWAN model (blue
line) and from video images data (red line).
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Non-linear Bathymetry Inversion

In this section, video images data was used tevetishallow water bathymetry based on the non-
linear inversion method for wavenumber estimatibhe bathymetry inversion method requires time
series data of pixel brightness at an array alomgoas-shore and longshore transect in the rettifie
image sequences as shown in Fig. 10.

Using time series of pixel brightness (timestackfadcollected on August 25, 2006, as presented in
Fig. 10, the estimated wavenumber was computedati@s of wave frequencies ranging from 0.08 Hz
to 0.11 Hz. It is expected to find the optimum wamponent with strong signal from those wave
frequency resolutions. On this date, the peak vp&vd based on field measurement was 9.1 seconds;
the wave direction was approach from 81 degrees Morth direction; and the significant wave height
was 1.01 m.
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Figure 10. A rectified image with cross-shore and longshore arrays (left). Example of timestack image along
cross-shore array at y = 20 m (right).

The estimated wavenumber was computed for eachdrey using the measured bathymetry and
the tidal level at the time of the image collectidhe non-linear inversion method of Levenberg-
Marquardt (LM) was applied to the sample cross-spkcorrelation at each frequency over the entire
array. Figure 11 shows the results of the estimat@enumber for each sample frequency. As shown
in table below, the best of the estimated wavenumlere obtained at frequency of 0.09 Hz that
showed highest coherence with RMS error of 0.0342. rhis frequencyf(= 0.09 Hz) corresponds
with the peak period of the field measurement.

Table Coherences and RMS errors of wavenumber
No Frequency Coherence RMS wavenumber error
1 0.08 128.745 0.0358
2 0.09 132.153 0.0342
3 0.10 131.161 0.0354
4 0.11 118.333 0.0421
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Figure 11. Example of the estimated wavenumber using the non-linear inversion model
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Figure 12. Map of the estimated wavenumber and wave directions (arrows) estimated by the non-linear
inversion model at frequency of 0.09 Hz

In addition, the result of bathymetry inversion heet based on timestack data by relating
wavenumber parameters using the dispersion equiatioresented in Fig. 13. Figure 13 shows map of
the estimated bathymetry from video images andbttymetry error prediction from the nonlinear
inversion method. The estimated bathymetry by iteekall frequencies shows that the Hasaki Beach
has a sand bar at= 200-250 m. The predicted errors of the estim&iithymetry are accurate with
small errors at almost areas as shown in Fig. 13.

The performance of the non-linear bathymetry ineersnodel is evaluated in comparison with the
measured bathymetry. Figure 14 shows comparisobatiiymetry profile between the estimated
bathymetry profile and the measured bathymetryilprat longshore distancg,= 100 m. It shows that
the prediction is the most accurate near shoreliesand bar, where the differences between estimat
and surveyed bathymetry is less than 10-30 cm.
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Figure 12. Map of bathymetry derived from video images using the non-linear inversion model (top) and the
predicted errors map from the bathymetry inversion (bottom)
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Figure 13. Comparison of bathymetry profiles (at y = 100 m) based on video images (solid line) and survey
measurements (dot line).

CONCLUSIONS

We have presented the applicability of video imagalysis methods to estimate directional wave
spectra and bathymetry in shallow water areas ustlgp images data. These video images data were
obtained from measurement made with a single digémera at Hasaki Beach in Japan. In this study,
the BDM is used to estimate directional wave speasing the group of pixels brightness on video
images and non-linear bathymetry inversion is useéstimate bathymetry using time series of pixel
brightness intensity at cross-shore and longshoag.a

It was found that the BDM can successfully estinditectional wave spectra in shallow water
areas and the energy distribution of directionalevspectra in shallow water areas was concentnated
frequency and direction. This directional wave $peu retrieved from video images was similar to the
directional wave spectrum calculated by the SWANJetoln addition, our case study showed that the
non-linear inversion model can produce accuratetienated bathymetry in very shallow water areas.
The estimated bathymetry near shoreline and brgakiea was estimated reasonable accurate,
including the presences of sandbar.

Although the results have some uncertainties duké limitations on the video image methods, it
is shown that video image methods can be very Liaefill promising technique in order to understand
the behavior of the wave field in shallow wateraare
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